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ABSTRACT   
The PEA photopolymer is composed of dipentaerythritol penta/hexa-acrylate as monomer and binder, N-vinyl 
pirrolidone as crosslinker, ethyl eosin as dye and N-methyl diethanolamine as radical generator. This photopolymer is 
suitable to work with dispersed liquid crystal molecules in dynamic holographic and diffractive applications. In order to 
characterize these materials we have analyzed the behaviour of different compositions at zero spatial frequency limit. 
This method is based on an interferometer that has been successfully applied in the phase-shift versus applied voltage 
characterization of liquid-crystal displays, in addition to that it has been applied to characterize PVA/AA and 
PVA/NaAO photopolymers. In PEA case there is no shrinkage since the photopolymer is coverplated. Samples have a 
glass substrate as the cover plate. In our analysis we have studied the importance of the monomer, crosslinker and crystal 
liquid molecules concentrations, in the phase shift produced in the layer during photopolymerization process.  
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1. INTRODUCTION  
Photopolymers have been investigated so far for holographic/photonic applications such as diffractive elements, data-
storage displays, optical waveguides, etc [1-7]. There are many types of photopolymers that may be differentiated by the 
type of binder, since this component determines to a great extent the choice of monomer, dye and initiator used in the 
photopolymer. Analyzing the behavior of a photopolymer as an optic storage medium is a complicated task. Normally, 
these materials are used in holographic applications, where high values of spatial frequencies are recorded. In this range 
of frequencies many processes are involved in the hologram formation, such as species diffusion, nonlocal-
polymerization (due to the finite size of polymer chains), and shrinkage or swelling (volume changes) [8–10]. In this 
sense, the variations in the estimation of the monomer diffusion affect significantly the values obtained for other material 
parameters, making it difficult to calculate them separately. In particular, it is interesting to analyze the material behavior 
at very low spatial frequencies, since at these frequencies monomer diffusion does not play an important role and even 
disappears at the zero spatial frequency limit. This paper is the continuation of a previous works, where some 
compositions of photopolymers were studied at the zero frequency limit using a transmission and reflection 
interferometric setup [10-12].  
In the case analyzed in this work, PEA photopolymers with and without dispersed liquid crystal molecules. This material 
is liable to contain liquid crystal particles, thus dynamic holograms or diffractive elements can be manufactured. The 
formation of switchable holographic gratings from polymer dispersed liquid crystals (H-PDLCs) allows for the 
development of switchable transmissive and reflective diffractive optics. To overcome some limitations of 
photopolymers and Liquid Crystal Displays, there has been a fascinating marriage of two polymer-related technologies 
over the past few years: photopolymer holography and polymer-dispersed liquid crystals, H-PDLC [1, 13]. Local 
differences in photopolymerization rates induce phase separation of discrete LC domains to occur periodically 
commensurate with the period of the interference pattern. When exposing such a mixture to the optical field of two or 
more interfering laser beams, photopolymerization occurs more rapidly in bright than in dark regions of the interference 
pattern. This leads to diffusion of liquid crystalline molecules into dark regions and of monomers to bright regions. The 
applications, new H-PDLC compositions and optimization studies are presented in several papers [13-19]. In general the 
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samples are between two glasses. This cover-plating can provide mechanical support and alter surface tension (energy) 
effects so as to change the profile of the surface relief grating formed during exposure [8]. In general the phase shift 
between the exposed and non-exposed areas in the transmission interferometric case is due to two different effects: 
monomer polymerization in the exposed zones and thickness variations when polymerization occurs. With coverplated 
samples we cannot use a reflection interferometric setup to analyze the thickness variation during exposition at the zero 
spatial frequency limit. In this work we analyzed different chemical composition of PEA photopolymers at zero spatial 
frequency limit, we also studied the effects of the temperature in the material behavior and the influence of the dispersed 
liquid crystal molecules in the polymerization process.  
Only we can measure the results in transmission, where both refractive index and volume variations have influence. The 
phase shift measured in the transmission case (
t
ΔΦ ) can be described as follows: 
    ( )
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where d(t) is the new “solid” layer thickness [11-12],  
'α  is the angle inside the material and 
Shr
ΔΦ is the phase shift 
due to the shrinkage. For cover-plated photopolymers we can consider that the volume between the two glass substrates 
remains constant. 
The equation can be simplified for small incident angles (
1cos'cos == αα ) and used to calculate the refractive index 
variation. In the case, for the whole layer the refractive index variation (
w
nΔ ) can be calculated as follows: 
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Along the polymerization process, the holes are expulsed out of the “solid” layer and so its density increases [12].  
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where 
)(mφ , )( pφ , )(hφ  and )(bφ  are the volume fractions of the monomer, the polymer, the holes and the background 
(PVA, triethanolamine and dye) respectively. While the collapse of holes will result in a reduction in the overall volume, 
the total volume fraction is by definition conserved.  We can assume that 
)(bφ  remain constant during the exposition and 
polymer and holes (on the surface) begin to appear when the monomer starts to polymerize.  Therefore we can assume 
that  
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Where, 
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mφ  is the initial volume fraction of the monomer.  
At zero spatial frequency limit, when diffusion does not take place, the decreasing of the monomer concentration 
depends on the recording intensity, I, the dependency of the polymerization and intensity, γ, initial monomer 
concentration and the polymerization reaction constant, K
R,
. 
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Following the same steps presented in [11-12] we can obtain the polymerization rate as a function of the experimental 
values of the phase shift, PS, during recording.  
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2. EXPERIMENTAL SET-UP  
This photopolymer is composed of dipentaerythritol penta/hexa-acrylate (DPHPA) as monomer and binder, N-vinyl 
pirrolidone (NVP) as crosslinker, ethyl eosin (YE) as dye and N-methyl diethanolamine (NMDETA) as radical 
generator. These components were mixed under red light where the material is not sensitive and under a temperature of 
40 ºC to solve properly all the components, specially the crystal liquid molecules. The solution (100 mL) was sonicated 
in an ultrasonic bath, heated, mixed with a magnetic mixer and deposited between two glass plates 2 mm thick. The H-
PDLCs layers have thickness around 10 μm in order to apply the electric field and to align the crystal liquid molecules, 
thus obtain the switchable holographic gratings. In the samples analyzed in this work we have used spacing of 106 μm to 
increase the phase shift and see properly the different behaviours reducing the error in our calculations. The focus of this 
goal is the characterization of the chemical composition, we don’t make switchable gratings. In Table 1 we described the 
composition of different layers analyzed at zero spatial frequencies. These compositions are designed to keep constant 
the liquid volume. In the first three compositions we analyze the influence of crosslinker concentration; in the last four 
we analyze the influence of the liquid crystal in the polymerization process.  
 
Table 1. Chemical compositions analyzed. 
 
C1 C2 C3 C4 C5 C6 C7 
DPHPA 
2 g 1.9 g 1.7 g 1.4 g 1.5 g 1.6 g 1.8 g 
NMDETA 
400 μL 400 μL 400 μL 400 μL 400 μL 400 μL 400 μL 
NVP 
100 μL 200 μL 400 μL 100 μL 100 μL 100 μL 100 μL 
YEt 
0.001g 0.001g 0.001g 0.001g 0.001g 0.001g 0.001g 
LC BL087 
   600μL 500μL 400μL 200μL 
 
In this Section we focus on the description of the combined setup to obtain real time interferometric measurements while 
the holographic material is being exposed. We used the combined setup with the interferometer in transmission. In Fig. 1 
we show the experimental setup in transmission geometry to measure the phase-shift as a function of the exposure 
energy. The setup has two arms with an angular separation of 14º, one to expose the recording material, whereas the 
second arm is the interferometer used to measure, in real-time, the phase-shift. The recording material is perpendicularly 
oriented with respect to the interferometer axis in order to ease the analysis of the interferometric results: at an oblique 
incidence we should take into account both the Fresnel coefficients at the interface and the increase of distance in the 
propagation across the layer. 
In the first arm, the exposure beam provided by a solid-state Nd-YVO
4
 Verdi laser with a wavelength of 532 nm (at this 
wavelength the dye presents the maximum absorption) is expanded and collimated using a spatial filter and a lens, 
obtaining a beam with 1.5 cm of radius. A wave plate and a neutral filter (attenuator) are added before the spatial filter to 
control the orientation and the intensity of the linearly polarized beam produced by the laser Nd-YVO
4
. A polarizer (P), 
with its transmission axis oriented along the vertical of the lab, is introduced to produce a beam with TE polarization 
incident onto the recording material. This incident beam forms an angle of 14 degrees with respect to the photopolymer 
layer. We adjust the laser power so that the exposure intensity that impinges on the layer is 2.5 mW/cm
2
 (this is the value 
corrected from the Fresnel coefficient at the air-photopolymer interface at an incidence of 14 degrees for TE 
polarization). A half-opened diaphragm is used to leave an unexposed area in the photopolymer layer. 
In the interferometric arm, to generate the interferences pattern we use a He-Ne laser, since the photopolymer does not 
present any absorption at 633 nm. We have implemented a Young’s fringes based two beams interferometer. This 
interferometer has been successfully applied in the phase-shift characterization of liquid crystal displays (LCDs) [20]. It 
shows a good precision, and due to its quasi-common path architecture is a robust setup, less sensible to changing 
environmental conditions and simpler to construct than Mach-Zehnder type interferometers. We use a grating with a 
spatial frequency of 4 lines/mm to generate a series of diffracted orders from the unexpanded He-Ne beam; we block all 
the orders except -1 and +1. One of the two orders impinges on the exposed zone (illuminated by the Nd-YVO
4
 laser) 
and the other one impinges on the non-exposed zone. The distance between the two orders is about 1 cm, so as to 
eliminate the influence of the monomer diffusion in the polymerization process. Once the two orders have propagated 
throughout the photopolymer, a lens is used to make them interfere. A microscope objective is used to amplify the 
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interference pattern onto a CCD camera. This pattern is captured in real-time as a function of exposure at specific time 
intervals. 
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Fig. 1. Experimental setup. The recording material is exposed with the green laser beam (λ=532 nm) and the phase-shift is 
measured with the red beam (λ=633 nm). P is polarizer, WP is wave plate, MO is microscope objective. 
Therefore, with this setup it is possible to plot the fringes moving as a function of the exposure time during the 
polymerization process, and without the influence of monomer diffusion. In this sense, we have verified that before and 
once we stop the exposition, the shift in the interference fringes freezes. This indicates that the measurements taken in 
this setup are not affected by diffusion processes. 
3. RESULTS AND DISCUSSION 
In this section we present the experimental data obtained for different material compositions, and for different cooling 
times. We focus our attention on the best experimental procedure and chemical composition to achieve stable and high 
phase shift between exposed and non exposed areas. Following this idea, we study the influence of the cooling time, the 
crosslinker concentration, and the quantity of crystal liquid. Then we can find which is the optimum procedure and 
chemical composition.  
In the case of our PEA photopolymer we have to heat the solution in order to solve all the components. Therefore when 
the temperature is cooling down there are some problems to keep the mixture solved and the polymer rates are modified. 
This is an important drawn back in the way of the possible commercialization of this type of photopolymers.  In our 
analysis of the cooling time we have chosen 5 different times. And the response at zero spatial frequency limits is 
depicted in Figure 2.  As can be seen when the layer is exposed without cooling time, the material behavior present two 
different slopes, before 25 s and after 25 s. Layers cooled down around 1 and 5 minutes present very similar behavior 
and when the cooling time is longer than 10 minutes. Therefore we assume that the diffractive image should be recorded 
in these materials between 1 and 7 minutes. Other possibility is to use the oven the sample to keep all the properties 
constant.       
For instance, when crosslinker monomer is added, we expect that the polymerization rates increase drastically [21]. 
Nevertheless in the cases studied the compositions with crosslinker have low quantity of monomer in order to keep 
constant the polymer solution volume. In Figure 2 we show the phase shift between exposed and non-exposed zones for 
three different crosslinker compositions. We can see the clear increase of the phase shift due to crosslinker. Nevertheless 
the composition with the highest crosslinker presents different slopes, and the final phase shift is more or less the same 
of the compositions with 200 and 100 ml. Thus we consider the composition with 100 ml of crosslinker the optimum, 
furthermore this presents more regular behavior.    
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Fig. 1. Behavior of Photopolymer C1 at the zero spatial frequency limit in transmission for different cooling times. 
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Fig. 2. Behavior of Photopolymers C1, C2 and C3 at the zero spatial frequency limit in transmission for 5 minutes of cooling 
times. 
 
To obtain the magnitude of the velocity of the chemical reaction, the polymerization rate, F
R
, we can use Eq. (6). In Fig. 
3 we have depicted the results for composition C1 obtained by the fitting based on Eq. (6). The correlation value of the 
fittings indicates the good agreement between theory and experiments. 
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Fig. 3. Fitting of the polymerization rate for polymer C1 at the zero spatial frequency limit for 5 minutes of cooling time. 
To study the influence of the crystal liquid molecules in the photopolymer kinetics without crosslinker we have exposed 
under green light 5 different compositions (C1, C4, C5, C6 and C7). At zero spatial frequency limit the phase separation 
of the liquid crystal don’t exist, therefore it is difficult to compare with the holographic case. Nevertheless we can extract 
the idea of the influence of the liquid crystal on the photopolymerization process. It is important to note that we have 
modified the monomer concentration to keep the solution volume constant. As can be seen the compositions with 600 ml 
and 500 present identical behavior, and the reduction of the final phase shift is due to the presence of liquid crystal 
molecules is weak but affect. The phase shift between exposed and non exposed zones is around 600º for composition 
C1 and less of 300º for composition C 7 and C1 have 2 g of monomer and C7 1.4 g. It is important to remark that only 
the presence of Crystal liquid molecules at zero spatial frequency, without phase separation, makes that the variations in 
the average refractive index smaller. There is a non-variable component in the solution.   
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Fig. 4. Behavior of Photopolymers C1, C4, C5, C6 and C7 at the zero spatial frequency limit in transmission for 5 minutes 
of cooling time. 
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4. CONCLUSIONS 
We have studied different chemical compositions of PEA photopolymer at zero spatial frequency limit. We have show 
how large cooling times affect to the material behaviour. Thus we have proposed times between 1 and 7 minutes to use 
the material as optic recording material. We also have studied the influence of crosslinker concentration in the 
polymerization and phase shift. On the last place we have studied the effects of the crystal liquid in the solution, we have 
conclude that the presence of liquid crystal reduces the phase shift between exposed and non-exposed areas, but we must 
determine with additional experiments in which way affects to the polymerization rate and the average refractive index 
of the layer.    
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